Population genetic structure was determined for the planktonic diatom Ditylum brightwellii (West) Grunow in two connected estuaries-Puget Sound and the Strait of Juan de Fuca (WA, USA). Three genetically distinct populations were detected that were characterized by different microsatellite allele distributions and unique alleles. Isolates from the two most genetically diverged populations displayed identical full-length 18S rDNA sequences suggesting that either a single or two recently diverged species were sampled. The extent of genetic differentiation between populations was not correlated with distance between water samples or time between sampling. Instead, distinct populations were associated with different estuaries. In Puget Sound waters, one population was detected three times over the course of 28 months. Cells from this population were likely maintained inside Puget Sound over long periods through water recirculation within the Sound. In Strait of Juan de Fuca waters, two additional populations were detected. Maximum growth rates of Puget Sound isolates were significantly different from Strait of Juan de Fuca isolates, indicating that populations were composed of cells with different physiological capabilities. The genetic and physiological differentiation observed between populations from intermixing estuaries suggested that genetic exchange between populations was restricted through differential selection. Despite the potential for widespread dispersal in planktonic organisms, it appears that populations with distinct genetic and physiological characteristics can be maintained over long time periods through a combination of hydrology and differential selection.
Population genetic structure was determined for the planktonic diatom Ditylum brightwellii (West) Grunow in two connected estuaries-Puget Sound and the Strait of Juan de Fuca (WA, USA). Three genetically distinct populations were detected that were characterized by different microsatellite allele distributions and unique alleles. Isolates from the two most genetically diverged populations displayed identical full-length 18S rDNA sequences suggesting that either a single or two recently diverged species were sampled. The extent of genetic differentiation between populations was not correlated with distance between water samples or time between sampling. Instead, distinct populations were associated with different estuaries. In Puget Sound waters, one population was detected three times over the course of 28 months. Cells from this population were likely maintained inside Puget Sound over long periods through water recirculation within the Sound. In Strait of Juan de Fuca waters, two additional populations were detected. Maximum growth rates of Puget Sound isolates were significantly different from Strait of Juan de Fuca isolates, indicating that populations were composed of cells with different physiological capabilities. The genetic and physiological differentiation observed between populations from intermixing estuaries suggested that genetic exchange between populations was restricted through differential selection. Despite the potential for widespread dispersal in planktonic organisms, it appears that populations with distinct genetic and physiological characteristics can be maintained over long time periods through a combination of hydrology and differential selection.
Key index words: diatom; Ditylum brightwellii; estuary; genetic diversity; physiology; phytoplankton; population differentiation; selection Many marine planktonic diatoms are characterized by global distributions (Round et al. 1990 ), with individual species apparently able to flourish in a range of dramatically different environments (Guillard and Kilham 1977) . One explanation for these broad distributions is that few physical boundaries exist over vast areas of the oceans, leading to continuous largescale dispersal of individuals (Day 1963 , McGowan 1971 , Finlay 2002 . Global dispersal implies that individuals within a single species collected from different regions of the ocean will not display genetic and physiological differentiation. Alternatively, broad species distributions could result from the development of genetically and physiologically distinct populations if oceanographic and biological factors limit dispersal and thus reduce gene flow between geographic regions. Population differentiation has been observed in marine metazoans such as copepods (Bucklin et al. 2000) and fish (Taylor and Hellberg 2003) that, like diatoms, spend either all or a part of their life cycle in the plankton (reviewed in Palumbi 1994 , Hillbish 1996 .
The potential for similar levels of population differentiation in marine planktonic diatoms has been discussed extensively (Wood 1988 , Brand 1990 , Mann 1999 , but few empirical studies have investigated the spatial and temporal patterns of genetic variation within individual diatom species. Gallagher (1980 Gallagher ( , 1982 found that the genetic and physiological composition of Skeletonema costatum (Grev.) Cleve in Narragansett Bay (RI, USA) varied over a seasonal cycle. Seasonal variation was likely due either to succession between summer and fall populations of a single species or to succession of two morphologically similar species (Gallagher 1980) . Interestingly, no spatial patterns in the S. costatum populations were observed across the large estuarine system, suggesting that during a given season, individuals from a single population were dispersed throughout the estuary. In recent years, evidence has begun to emerge indicating that the genetic composition of species may vary over larger spatial scales. For example, DNA sequence divergence in the b-tubulin gene was observed between clones of Thalassiosira weissflogii (Grun.) Fryxell et Hasle isolated from different ocean basins (Armbrust and Galindo 2001) .
Suggestions of intraspecific genetic and physiological variation over different spatial scales are also apparent among other groups of phytoplankton. For example, significant differences in maximum growth rates were observed in isolates of the coccolithophorid Gephyrocapsa oceanica Kamptner sampled from the Sargasso Sea and the continental slope (Brand 1982) . In two more recent studies, genetic variation among strains of the dinoflagellate Gymnodinium catenatum Graham (Bolch et al. 1999 ) and the coccolithophorid Emiliania huxleyi (Lohm.) Hay et Mohler (Medlin et al. 1996) indicated that isolates originating from the same location were more closely related to each other than to isolates originating from distant locations. These studies suggested that increasing geographic distance could lead to genetic differentiation. However, in both studies the combination of genetic marker choice and the number of isolates analyzed were inadequate to identify distinct populations.
The goal of this study was to determine whether both genetic and physiological differentiation could be detected over small spatial scales in populations of a planktonic marine diatom. We chose to conduct our study in the inland fjord of Puget Sound (WA, USA) where a shallow entrance sill causes over half of outflowing water to be refluxed back into the estuary at depth during each tidal cycle (Ebbesmeyer and Barnes 1980) . Genetically distinct populations of marine fish that spend several months as planktonic larvae have been detected inside Puget Sound (Jagielo et al. 1996 , Seeb 1998 , Rocha-Olivares and Vetter 1999 , suggesting that recirculation of water in Puget Sound could also foster the development of distinct phytoplankton populations. We focused on the centric diatom Ditylum brightwellii because its large size and unique morphology permit easy isolation from the phytoplankton and because microsatellites have been previously identified in this species (Rynearson and Armbrust 2000) . By amplifying microsatellite loci from a large number of field isolates and determining maximum growth rates on a subset of isolates, we show that genetically and physiologically distinct populations exist and can be maintained over time in a planktonic marine diatom.
MATERIALS AND METHODS
Sampling sites and isolate collection. During three cruises on 20-21 August, 17-18 September, and 22-23 October 1998, samples were collected every 10 km between the entrance to Puget Sound at Admiralty Inlet and the south end of Hood Canal (Fig. 1) . Ditylum brightwellii was present only in Admiralty Inlet, where single cells were isolated from site 1 (47159.0 N, 122137.2 W) on 20 August, 21 August, 17 September, and 23 October and from site 2 (47158.5 N, 122137.5 W) on 21 August (Fig. 1) . Because Admiralty Inlet is subject to strong tidal excursions, water in the Inlet originates from either Puget Sound or the neighboring Strait of Juan de Fuca estuary, depending on tidal stage (Thomson 1994) . Each time Admiralty Inlet site 1 was sampled, conductivitytemperature-depth profiles were collected to determine water origin. Single cells were also isolated from Dabob Bay (47149.30 N, 122149.0 W), an arm of Hood Canal on 23 March 2000 (Fig. 1) . Conductivity-temperature-depth data were not required for Dabob Bay because this location is not subject to daily tidal mixing with the Strait of Juan de Fuca.
For each sample, 1 L of surface water was passed through a 20-mm mesh net. At least 48 D. brightwellii cells were isolated individually from the 420-mm size fraction, washed two to three times in sterile seawater, and transferred to individual wells of a 48-well plate containing 1-3 mL sterile seawater and f/ 20 nutrients (Guillard 1975 , cells were filtered onto a 0.45-mm filter, scraped off the filters, and frozen at À 701 C. Total genomic DNA was extracted from each unialgal isolate using either the DNeasy Plant Mini Kit or 96 Plant Kit (Qiagen, Valencia, CA, USA).
Microsatellite development. Two microsatellite loci, Dbr4 and Dbr9 (GenBank accessions AF263004 and AY150804), and the primer set to amplify locus Dbr4 were previously identified (Rynearson and Armbrust 2000) . For this study, a new primer set was identified to amplify locus Dbr9 using primer 2R (Rynearson and Armbrust 2000) and a newly developed primer, Dbr9F. The Dbr9F primer sequence is CGCAATCTAACAAATGAC.
A third microsatellite, Dbr10, was identified from D. brightwellii strain CCMP 358 (Provasoli-Guillard Center for Culture of Marine Phytoplankton, West Boothbay Harbor, ME, USA). The tetranucleotide repeat GACA was enriched using microsatellite enrichment protocols (Kijas et al. 1994 , Hamilton et al. 1999 , McPherson et al. 2001 ) modified in two ways. First, the initial digestion/ligation reaction was performed by adding 40 units (U) of the restriction enzyme Xmn I (New England Biolabs, Beverly, MA, USA), 20 U of the restriction enzyme BstUI (New England Biolabs), 800 U ligase, and 1.95 mmol Á L À 1 double-stranded SNX linker (Hamilton et al. 1999 ) to 150 ng genomic DNA and cycling 22 times between 371 C for 10 min and 161 C for 30 min, followed by a 20-min incubation at 651 C. A second double-stranded DNA was generated using the linker primer CCTTGCTAGCAGAAGC. DNA enriched for GENETICALLY DISTINCT DIATOM POPULATIONS microsatellites was ligated into the pCR 2.1-TOPO vector (Invitrogen, Carlsbad, CA, USA) and used to transform TOP 10 Escherichia coli cells (Invitrogen). Insert DNA between 200 and 1000 bp was sequenced with the DYEnamic ET dye terminator kit (Amersham Biosciences, Piscataway, NJ, USA) using M13 F and R primers and analyzed on a MegaBACE 1000 automated sequencer (Amersham Biosciences). Sequence data were analyzed using Sequence Analyzer V. 2.1 (Amersham Biosciences) and Sequencher V. 4.0.5 (Gene Codes, Ann Arbor, MI, USA) software. Locus Dbr10 (GenBank accession AY150805) was isolated from the enrichment, and primers Dbr10F and Dbr10R were designed to amplify this locus. The sequence of primer Dbr10F is ACGCCCCTTCTCTGTAG and of Dbr10R, TGATGTTTAATCTGGACCC.
Determination of genotypes. In addition to single cell isolates collected from two sites in Admiralty Inlet and from one site in Dabob Bay, genotypes were obtained from a set of isolates previously collected in 1997 at Twanoh (Hood Canal) (47122.7 N, 122158.3 W) ( Fig. 1 ) (Rynearson and Armbrust 2000) . Loci Dbr4, 9, and 10 were PCR amplified from each DNA extract in two reactions. After a denaturation at 941 C for 1 min, a touchdown PCR profile to amplify loci Dbr4 and Dbr10 simultaneously consisted of one cycle of 94, 50, and 721 C, each for 30 s. The annealing temperature was decreased by 11 C for each of the following four cycles followed by 33 cycles of 94, 45, and 721 C, each for 30 s, and a final 15-min extension at 721 C. The PCR profile used to amplify locus Dbr9 was the same as above except the initial annealing temperature was 531 C in the first cycle, was decreased by 11 C for each of the following four cycles, and then was 481 C for the remaining cycles. All PCR reactions were performed in 10 mL volumes using the reaction mixture from Rynearson and Armbrust (2000) . The 5 0 fluoresceinlabeled PCR products from each isolate were combined and passed through a Sephadex G-75 (Sigma-Aldrich, St. Louis, MO, USA) column in a multiscreen HV plate (Millipore, Billerica, MA, USA) to remove salts. Desalted PCR products were analyzed on the MegaBACE 1000 automated sequencer using fluorescein-labeled 400 bp internal size standard (Amersham Biosciences). The length of each PCR product was determined using Genetic Profiler software (Amersham Biosciences) and was used to construct a multilocus genotype for each isolate.
Analysis of microsatellite data. Genotype data were used to calculate the probability that individuals with identical threelocus genotypes belong to the same clonal lineage (Aspinwall and Christian 1992) . Gene diversity (H e ) (Weir 1996) and departures from Hardy-Weinberg proportions were calculated in Genepop V3.3 (Raymond and Rousset 1995) . The three single-locus H e values were averaged to obtain an overall H e value. Micro-Checker (van Oosterhout et al. 2003) was used to test for PCR amplification bias of short alleles (Wattier et al. 1998) .
Four different approaches were taken to investigate population subdivision. Significant population differentiation was identified using a pair-wise genotypic test, which provides an unbiased estimate of differentiation between populations for samples that do not conform to Hardy-Weinberg proportions (Goudet et al. 1996) . Genotypic tests were conducted in Genepop V3.3 (Raymond and Rousset 1995) . The degree of genetic differentiation between pairs of samples was quantified using the estimator y (Weir and Cockerham 1984) of F ST . F ST ranges between 0, if there is no genetic differentiation between populations, and a theoretical maximum of 1, as sample allele frequencies diverge. Both F ST values and permutation tests to determine their significance were performed in Genetix V4.02 (Belkhir 2001) . To identify significant relationships between genetic differentiation and sampling date or location, an analysis of variance of regression statistics for F ST values versus time or distance between samples was performed. A principle components analysis (PCA) was used to identify clusters of samples based on F ST values and was performed on the genotypic data using PCA-GEN V 1.2 (Goudet 1999) . In all cases where significance was assigned to multiple tests, corrected P values were calculated using a sequential Bonferroni technique (Ury 1976) .
Simulation of physical mixing between estuaries. The length of time required for Strait of Juan de Fuca and Puget Sound cells to reach equal abundance inside Puget Sound due to tidally induced mixing was estimated as [Mofjeld and Larsen 1984] ). Mixing of Puget Sound cells into the Strait was assumed to have no impact on C 0 because the Strait is connected to the Pacific Ocean and was considered infinitely large compared with the Puget Sound. Thus, C 0 was constant in the simulation and set to 1. Growth rate and abundance of all cells regardless of origin was assumed to be equal. The mixing simulation was solved discretely in Matlab v5.2 (MathWorks, Natick, MA, USA).
rDNA sequencing. 18S rRNA genes were sequenced from one isolate collected from Twanoh (Hood Canal) on 21 November 1997 (Rynearson and Armbrust 2000) and from one isolate collected from Admiralty Inlet, site 1, on 23 October 1998. 18S genes were amplified in a reaction mixture (final volume, 10 mL) containing 3-5 ng genomic DNA, 1.5 mmol Á L À 1 MgCl 2 , 0.2 mmol Á L À 1 dNTPs, 0.63 U Hotstar Taq DNA polymerase (Qiagen), 1 mL 10 Â buffer (Qiagen), and 4 pmol Á L À 1 each of the universal 18SA and 18SB primers lacking the 5 0 restriction sites (Medlin et al. 1988) . The PCR consisted of a 10-min denaturation step at 951 C, 34 cycles of 941 C for 30 s, 671 C for 60 s, and 721 C for 2 min followed by a final 10-min extension at 721 C. The 18S amplification product was used as template for cycle sequencing with 18S rRNA gene-specific primers. The 18S rRNA gene-specific forward primers we designed were GTGCCAG-CAGCCGCGG (primer C2) and CCAGGTCCAGACATAG-TAAGGATT (primer E2). The 18S rRNA gene-specific reverse primer was GCTGCTGGCACCAGACTT (primer F3). Reverse primer D (Armbrust and Galindo 2001) was also used. Sequencing was performed as described above for microsatellite development, and the resulting sequences were deposited in GenBank (accession numbers AY188181-2).
Physiological experiments. A subset of six isolates was chosen randomly from the single cell isolates obtained from Admiralty Inlet on 21 August 1998 and maintained in semicontinuous batch culture (Brand et al. 1981 ) at 141 C on 16:8-h light:dark cycles of 166, 66, and 33 mmol photons Á m À 2 Á s À 1 . Isolate 1 and isolates 2-6 were obtained from Admiralty Inlet, sites 1 and 2, respectively. Growth was measured by in vivo chl fluorescence using a 10-AU fluorometer equipped with the in vivo Chlorophyll Optical Kit (Turner Designs, Sunnyvale, CA, USA) and maximum acclimated growth rates were determined as described in Rynearson and Armbrust (2000) . A two-level nested analysis of variance and Satterthwaite approximation for unequal sample sizes (Sokal and Rohlf 1995) were used to compare maximum acclimated growth rates of the Admiralty Inlet isolates with a set of isolates collected at Twanoh (Hood Canal) in 1997 (Rynearson and Armbrust 2000) . To avoid microenvironmental heterogeneity, growth rates for isolates from both Admiralty Inlet and TATIANA A. RYNEARSON AND E. VIRGINIA ARMBRUST Twanoh were determined simultaneously and the placement of culture tubes was randomized in the incubator.
RESULTS
Determination of source waters in Admiralty Inlet. The sample collected from Admiralty Inlet on 20 August was taken 2 h after lower low tide ( Fig. 2A) when Puget Sound water was flowing out through Admiralty Inlet. Not surprisingly, the temperature and salinity values of the top 1 m of the water column on 20 August were similar to the range of values previously observed in August within Puget Sound (Newton et al. , 2002 (Fig. 2B) . Samples taken on 21 August from sites 1 and 2 and on 23 October from site 1 were collected within 1 h of high tide ( Fig.  2A) when Strait of Juan de Fuca water was flowing into Puget Sound through Admiralty Inlet. The top 1 m of the water column for both 21 August and 23 October had temperature and salinity values within the range of values previously observed for the Strait of Juan de Fuca (Newton et al. , 2002 (Fig. 2B) . The difference in density between 21 August and 23 October on site 1 was due to the approximately 11 C cooler water temperature in October. Finally, the 17 September sample was taken just before maximum flood tide ( Fig. 2A) Genetic diversity in D. brightwellii. Survival of single cell isolates was routinely greater than 66% except for the sample collected on 23 October 1998, for which survivorship dropped significantly to only 38% (Table  1) . This low value was comparable with the low survivorship of 44% observed with isolates collected from Twanoh (Hood Canal) in November 1997 and suggests that isolates obtained in the fall may be less viable. In total, 332 isolates survived from which 265 could be genotyped (Table 1) .
All three microsatellite loci were polymorphic. Dbr9 was the most variable locus with 78 alleles and Dbr10 was the least variable with 10 alleles (Table 2 ). This level of polymorphism meant that two isolates with identical three-locus fingerprints were highly likely (499.99%) to be genetically identical throughout the entire genome (i.e. clonal cells). For comparisons of clonal diversity within and between the seven water samples, we focused on the 105 isolates that could be genotyped at all three loci. Each isolate within a water sample was genetically distinct except for the sample collected from Admiralty Inlet on 20 August 1998. In this sample, two isolates shared the same three-locus genotype and thus were identified as cells from the same clonal lineage. Between samples, one pair of isolates from the same clonal lineage was identified from the two Admiralty Inlet samples collected just 0.5 km apart (21 August). The large number of unique three-locus genotypes observed indicated that clonal diversity in the samples was high. Indicates the number of genotypes that could be obtained at each locus from each sample site.
GENETICALLY DISTINCT DIATOM POPULATIONS
For each water sample, Hardy-Weinberg proportions were tested by comparing the observed fraction of heterozygotes (H o ) with the expected fraction of heterozygotes (H e ). Significant heterozygote deficiencies (Po0.05) were observed at all loci and all samples, with five exceptions (Table 3) . A significant degree of heterozygote excess (Po0.05) was observed at locus Dbr4 for the cells isolated on 23 October. There were no significant heterozygote excesses or deficiencies in one water sample analyzed at locus Dbr4 (Admiralty Inlet, 17 September) and four water samples analyzed at locus Dbr10 (Admiralty Inlet, 20 August and 23 October, Twanoh and Dabob Bay) (P40.05). The large discrepancy between H o and H e on 23 October at locus Dbr10 but lack of significant deviation from HardyWeinberg proportions was likely due to the relatively low sample number analyzed at Dbr10 on 23 October (Table 1) . There was no evidence that a PCR amplification bias against large alleles contributed to the observed deviations from Hardy-Weinberg expectations (Po0.05).
Three genetically distinct populations identified. Genotypic differentiation tests and F ST statistics were used to detect genetic differentiation between water samples (Table 4) . The results from both tests were consistent for each pair-wise comparison. Of the 21 pair-wise comparisons, both genotypic and F ST values for 16 were significantly different from zero (Po0.05). Several F ST values were greater than 0.2, suggesting high levels of genetic differentiation, although no differences were detected in the highly conserved 18S rDNA sequences between isolates from the two most diverged samples.
Pair-wise F ST values were analyzed further using two approaches. First, F ST values were regressed against both distance and time between water samples. There (Fig. 3) . The PCA indicated that six axes explained 68%, 13%, 9%, 4%, 4%, and 2% of the variation in F ST , respectively. Two thousand randomizations of the data identified the first axis of the PCA (PC1) as significant (P 5 0.001) and the remaining five axes as insignificant (P40.05). The variation along PC1 was best explained by the waters from which samples were collected. Three populations were identified that consisted either of cells collected from Puget Sound waters (Twanoh, Dabob Bay, and Admiralty Inlet, 20 August), from Strait of Juan de Fuca waters (both Admiralty Inlet samples, 21 August), or of cells collected from Strait waters and the mixed water sample (Admiralty Inlet, 17 September and 23 October). Clustering of populations identified using PCA was further supported by significant differences between samples from different populations using the genotypic test (Table 4) . Each population was characterized by unique alleles. For example, the most common allele at locus Dbr10 had a frequency of 58% in the population defined by the September and October samples. This same allele was not observed in any of the isolates from the population defined by the samples originating from Puget Sound waters (data not shown). Similarly, 10 of the 26 alleles at locus Dbr4 were found only in the Puget Sound samples (Table 5) . These results provide further evidence for limited genetic overlap among the three populations.
Physiological differences between populations. To determine whether genetic differentiation between populations was accompanied by physiological differentiation, maximum acclimated growth rates of isolates collected from Strait of Juan de Fuca waters at Admiralty Inlet on 21 August (Fig. 2B) were determined at three light intensities and then compared with maximum acclimated growth rates of isolates collected from Puget Sound/Hood Canal waters at Twanoh (Rynearson and Armbrust 2000) (Fig. 4) . At any given light intensity, isolates sampled from the 21 August Admiralty Inlet population displayed a range of growth rates. The average growth rates ( AE SE) of the 21 August Admiralty Inlet isolates were 1.51 AE 0.08, 0.92 AE 0.11, 0.57 AE 0.09 day À 1 at 166, 66, and 33 mmol photons Á m À 2 Á s À 1 , respectively. The coefficient of variation was 5.4%, 12.0%, and 15.3 % at 166, 66, and 33 mmol photons Á m À 2 Á s À 1 , respectively. Isolates from Admiralty Inlet had a significantly faster average maximum growth rate than isolates collected from Twanoh at both the highest light intensity (Po0.025, 2 df, F 5 6.8) and lowest light intensity (Po0.025, 2 df, F 5 18.8) (Fig. 4) . At 66 mmol photons Á m À 2 Á s À 1 , there was no significant difference between growth   FIG. 3 . Principal components analysis of cells isolated from the seven water samples. Each sample is labeled with water type, sample location, and date, respectively. The label for the Strait of Juan de Fuca population sampled on 21 August 1998 from Admiralty Inlet includes two water samples. The sample labeled mixed originated from a water sample containing a mixture of Strait of Juan de Fuca and Puget Sound waters. Dashed circles denote the three genetically distinct populations identified using both F ST (Weir and Cockerham 1984) and genotypic tests (Raymond and Rousset 1995) . The total number of alleles identified is indicated in parentheses after the locus name.
GENETICALLY DISTINCT DIATOM POPULATIONS rates of isolates from the two locations (P 5 0.55, 2 df, F 5 0.4).
DISCUSSION
Based on the genotypes of over 250 single cell isolates of the marine diatom D. brightwellii, we were able to identify three genetically distinct populations in two connected estuaries-Puget Sound and the Strait of Juan de Fuca. Each population was characterized by a different genetic composition, including distinct allele distributions and unique alleles. Furthermore, a subset of isolates from two of the populations exhibited significantly different maximum growth rates at different light intensities. Growth rate differences were likely due to genetic rather than cell diameter differences (Paasche 1973) because there was no evidence of biased growth rates in which one clone grew consistently faster or slower than the rest at all light levels. Thus, the genetically distinct populations were composed of cells with different physiological capabilities.
The geographic origin of two of the three populations was clearly correlated with the waters from which cells were isolated. One population was detected three times over 28 months of intermittent sampling from Puget Sound waters. A second population was detected twice in waters derived from the Strait of Juan de Fuca. This pattern of differentiation suggests that different estuaries can harbor genetically distinct populations. The origin of the third population was less obvious. It was sampled twice, one time in waters originating from the Strait of Juan de Fuca and one time in a mixture of Strait and Sound waters. Because this population was associated with Strait of Juan de Fuca waters both times it was sampled, the simplest explanation is that it originated from Strait of Juan de Fuca waters. If this third population was truly derived from Strait of Juan de Fuca waters, then the identification of multiple Strait-derived populations suggests that the different source waters to the Strait (e.g. the Pacific Ocean [Cannon et al. 1990 ] and inland estuaries [Thomson 1994 ]) may each harbor distinct populations. Alternatively, because Puget Sound is comprised of five basins with distinct hydrographic characteristics (Thomson 1994) , additional sampling could reveal the presence of multiple distinct populations within this extensive ecosystem. Ultimately, the different patterns of genetic differentiation observed here indicate that the population genetics of planktonic organisms is complex and may involve factors in addition to water mass signatures.
The extent of genetic differentiation between the three D. brightwellii populations was particularly intriguing. In most pelagic marine organisms, F ST is rarely larger than approximately 0.01. For example, genetically distinct populations of Atlantic cod sampled along a 300-km stretch of coastline displayed F ST values of only 0.0023 (Knutsen et al. 2003) . F ST for D. brightwellii from Puget Sound and the Strait of Juan de Fuca was as high as 0.245, over 2 orders of magnitude higher, indicating that these populations were unusually diverged. In other organisms, comparable levels of genetic differentiation have been observed between sibling species (Maingon et al. 2003) . In that case, all genetic exchange between populations is eliminated. The 18S rDNA sequences from the most genetically diverged D. brightwellii populations were identical, indicating that the two populations represent a single or two closely related species that are morphologically indistinguishable at the level of light microscopy. If these populations represent two species, then genetic exchange between populations is eliminated. Regardless of whether the samples represent a single or different species, the maintenance of genetically distinct characteristics in the planktonic component of adjacent and intermixing estuaries shows that dispersal by currents is not an adequate homogenizing force in this region.
Development of distinct populations. One prerequisite for the development of genetic divergence between populations is that adequate genetic and physiological diversity exist within a species. All evidence to date (Carpenter and Guillard 1971 , Gallagher and Alberte 1985 , Wood et al. 1987 , Skov et al. 1997 , Rynearson and Armbrust 2000 indicates that individual species of diatoms possess high levels of genetic and physiological diversity, despite the fact that these organisms reproduce predominantly via asexual division to generate clonal cell lines. For the subset of 105 D. brightwellii isolates that were genotyped at three loci, only two pairs of genetically identical isolates were FIG. 4 . Maximum specific growth rates (day À 1 ) of isolates sampled from Strait of Juan de Fuca waters at Admiralty Inlet (clones 1-6) compared with isolates sampled from Twanoh (Hood Canal) (clones 7-14) (Rynearson and Armbrust 2000) . The maximum growth rate of each clone was determined at 166 (triangle), 66 (square), and 33 (diamond) mmol photo-
. Error bars represent 1 SD of the mean growth rate (n 5 2-4) and are shown only if larger than the symbol. Horizontal lines at each light intensity illustrate the mean growth rate of all isolates from Admiralty Inlet (dashed) and Hood Canal (solid).
TATIANA A. RYNEARSON AND E. VIRGINIA ARMBRUST identified, indicating that high levels of genetic diversity are maintained over time and across populations. The coefficient of variation for maximum growth rates of D. brightwellii isolates measured in this study and an earlier study by Rynearson and Armbrust (2000) ranged from about 5% to 15%, depending on the light intensity examined.
A second requirement for genetic differentiation is that individuals from a population remain in close enough proximity to interbreed. In marine organisms with high dispersal stages, recirculation of water is thought to maintain an interbreeding population within a habitat (Rocha-Olivares and Vetter 1999). In Puget Sound, recirculation occurs over the Admiralty Inlet sill where as much as 60% of outflowing Puget Sound water (Ebbesmeyer and Barnes 1980) and cells (Boss et al. 1998 ) are refluxed back into the Sound at depth upon each tidal cycle. Refluxed water then upwells at the southern end of basins within Puget Sound (Ebbesmeyer and Barnes 1980) . Various estimates suggest that a given parcel of water remains within Puget Sound for approximately 9 months (Cokelet et al. 1991) . The residence time and recirculation of Puget Sound waters likely provides a retentive mechanism for cells to remain inside the Sound, potentially allowing the population to adapt to its estuarine environment. In contrast, there is no obvious recirculation mechanism in the Strait of Juan de Fuca, suggesting that transient populations from other locales may flow through the Strait.
Selection may drive population differentiation. Genetic diversity and recirculation set the stage for genetic differentiation between populations, but alone they cannot act to maintain distinct populations. For example, recirculation of water inside Puget Sound does not prevent an estimated 5 Á 10 12 L of Strait water and cells from entering Admiralty Inlet on every tidal cycle (Mofjeld and Larsen 1984) . If we conservatively assume that only 10% of the Strait-derived water in Admiralty Inlet actually enters the Sound on every tidal cycle and that the growth rate and abundance of D. brightwellii cells are equal in both estuaries, Straitderived cells and Puget Sound-derived cells would reach the same concentration inside Puget Sound in just 54 days. The import and growth of Strait-derived cells within the Sound would effectively eliminate the observed genetic divergence between populations. However, the genetic composition of the population from Puget Sound waters displayed a remarkable degree of stability over the course of more than 2 years. This indicates that Strait of Juan de Fuca populations do not leave their population genetic signature inside Puget Sound despite daily mixing between the two estuaries.
Differential selection likely prevents Strait-derived cells from reproducing within the Sound and helps foster both the stability and the divergence of the population found within Puget Sound waters. Ditylum brightwellii reproduces predominantly asexually, although rare sexual events have been recorded (Waite and Harrison 1992) . When organisms reproduce asexually, all genes within an individual are, by definition, tightly linked. Thus, if particular clones are selected for under certain environmental conditions, the linked microsatellite alleles would also be selected for, leading to rapid changes in allele frequencies and, ultimately, population differentiation (Carvalho 1994) . Differential selection during clonal reproduction can also lead to deviations from Hardy-Weinberg proportions (Pfrender and Lynch 2000) , as were observed in D. brightwellii. Although deviations from Hardy-Weinberg proportions can result from scoring artifacts such as null alleles (Chakraborty et al. 1992) , many clonally reproducing populations show heterozygote deficiencies (Pernin and Cariou 1997 , Oliveira et al. 1998 , Iglesias-Rodriguez et al. 2002 , Van der Strate et al. 2002 , suggesting that the frequency of heterozygotes and homozygotes may be strongly skewed by selection during clonal reproduction.
Essentially nothing is known, however, about the potential strength of different selective factors or mechanisms of adaptation in phytoplankton (Lynch et al. 1991 ). An example of cyclic selection exists only for the diatom S. costatum, where two populations oscillated with a frequency of 6 months (Gallagher 1980) . In D. brightwellii, a single population was observed inside Puget Sound on every sampling occasion over more than 2 years. The genetic stability in combination with the physiological differences between Strait and Sound cells suggests that cells may have adapted to particular environments. Interestingly, the inability of Strait cells to colonize Puget Sound despite their faster inherent growth capabilities indicates that selection factors other than light intensity may regulate survival, although this hypothesis requires testing. Ultimately, the ability to identify distinct populations and follow the changes in their genetic structure over time and space should facilitate both an examination of the rates at which selection can occur in these populations and the determination of whether individual populations of diatoms can adapt to certain planktonic environments.
Ecological implications of population differentiation. The identification of genetically distinct diatom populations indicates that the potential for high rates of dispersal does not necessarily lead to genetic homogenization in these planktonic organisms. Apparently, differential selection in combination with weak physical retention such as recirculation can produce distinct populations with unique physiological characteristics. Importantly, the presence of distinct populations within the relatively small area of the Puget Sound-Strait of Juan de Fuca ecosystem suggests that over larger geographic scales, diatom species will be composed of many genetically and physiologically distinct populations. For example, semienclosed seas such as the Baltic Sea and some estuarine environments such as fjords may provide the right amount of isolation and recirculation of water (and cells) within a habitat to allow for distinct GENETICALLY DISTINCT DIATOM POPULATIONS populations to develop. Large-scale oceanic features such as midocean gyres may also provide conditions suitable for differentiation between phytoplankton populations. The cosmopolitan distribution of many phytoplankton species has been suggested to be a consequence of extensive mixing in the marine environment (Hart 1963 , Finlay 2002 . Instead, the formation of distinct populations, despite the effects of mixing, may be the mechanism allowing individual species to occupy, adapt to, and then bloom over a wide range of environments. Finally, the extensive genetic and physiological differentiation described here indicates that genetic exchange between populations can be limited, providing a mechanism for the development of reproductive isolation and eventual speciation in planktonic organisms.
